One of the simplest extensions of the Standard Model (SM) comprises the inclusion of a massive real scalar field, neutral under the SM gauge groups, to be a dark matter candidate. The addition of a dimension-six term into the potential of the scalar dark matter enables the appearance of a false vacuum that describes the cosmic acceleration. We show that the running of the singlet self-interaction and the Higgs portal coupling differs from the standard scalar singlet dark matter model. If we maintain a positive quartic coupling, it is also possible to describe the accelerated expansion of the Universe through a false vacuum with the addition of a dimension-eight interaction term. In this case, where the potential remains bounded from below at low energies, the false vacuum decay is highly suppressed.
Introduction
The Standard Model (SM) is successful to describe the electromagnetic, weak and strong interactions, providing the understanding of several phenomena. However, it is deficient to furnish candidates for the dark sector, which corresponds today to ninety five percent of the energy content of the Universe. 1 The discovery of the Higgs boson 2, 3 opened new avenues to investigate the dark sector through interactions with a dark matter (DM) particle.
One of the simplest extensions of the SM comprises the addition of a massive real scalar field, neutral under the SM gauge group and symmetric under Z 2 , to play the role of DM. [4] [5] [6] This scalar singlet S interacts with the SM only through the Higgs portal, S 2 |H| 2 , and has a variety of implications in different contexts, including thermal production and annihilation signals, [29] [30] [31] inflation, [32] [33] [34] [35] [36] baryogenesis [37] [38] [39] and direct detection through Higgs decay. [40] [41] [42] [43] [44] Constraints from several experiments and cosmological observations have been imposed on the scalar singlet DM model. Among a range of studies are the ones using data from XENON100 and WMAP, 45 and IceCube limits on DM annihilation to neutrinos 62, 63 to provide the most stringent constraints to date on the parameter space of the scalar singlet DM model.
64
The other component of the dark sector, dark energy (DE), is observationally well-described by its simplest candidate, the cosmological constant.
1 However, the theoretical origin of such a small constant is one of the major concerns in modern cosmology. Recently, we have proposed a model of metastable DE 65 in which the cosmological constant is the difference between a false vacuum state and the true one. Other models of metastable DE are found in Refs. [66] [67] [68] [69] [70] [71] Metastability is also present in the SM, arising from the running of the Higgs quartic self-coupling. The coupling becomes negative at an energy around 10
11 GeV for the Higgs mass of 125 GeV, indicating that electroweak (EW) vacuum can decay into a lower energy state, but with a lifetime longer than the age of the Universe. [72] [73] [74] [75] [76] [77] [78] [79] [80] The influence of an additional scalar singlet to the (meta)stability of the EW vacuum was analyzed in Refs. 14, 32, 44, [81] [82] [83] [84] [85] [86] [87] [88] [89] This paper is divided in two parts. First, we investigate the scalar singlet model with the addition of the potential presented in Ref.
, 65 in the light of the recent GAMBIT collaboration results. 64 This improvement takes both DM and DE into account in the same model, leading to a cosmological constant that is given in terms of the DM free parameters. Using the renormalization group (RG) equations, we evaluate the running of the scalar DM quartic self-coupling, the running of the coupling with the Higgs boson and the contribution of radiative corrections to the vacuum energy via the Coleman-Weinberg potential. 90 In the second part, we consider a positive singlet quartic coupling and show that it is possible to describe the accelerated expansion of the Universe through a false vacuum with the addition of a dimension-eight interaction term. In this scenario, the potential remains bounded from below at low energies. This paper is organized as follows. In Sect. 2 we expand the previous scalar singlet DM models adding the metastable DE studied in Ref. 65 and using the recent GAMBIT results. We also present the running of the coupling constants and the contribution due to radiative corrections in the tree-level potential. In Sect. 3 we show that a positive singlet quartic coupling and the addition of a dimension-eight term lead also to a false vacuum. Sect. 4 is reserved for conclusions.
Metastable dark energy and scalar dark matter
The extra terms in the SM Lagrangian due to a massive real scalar field S, which have gauge, Lorentz and Z 2 symmetries, are where the constant E 0 guarantees a Minkowski true vacuum and M P is the Planck mass. In order to have a false vacuum at S = 0 the quartic self-coupling λ S should be negative, in opposition to previous scalar singlet DM models, where λ S ≥ 0. The potential is bounded from below due to the presence of the gravity-induced term g M −2
P S 6 , which may parametrizes a graviton loop contribution. 91 After the spontaneous symmetry breaking the Higg portal leads to an interaction term h 2 S 2 , where h is the physical Higgs boson, and to a singlet mass
where v = 246 GeV is the vacuum-expectation-value of the Higgs field.
The difference between the true vacuum and the false one is better seen if we redefine the coupling of the dimension-six interaction term g :
The true vacuum, given by
, does not affect the Higgs mass due to the Higgs portal term h 2 S 2 because in this model the Universe is in the false vacuum state. The energy of the false vacuum, i.e, at S f = 0, is
and the false vacuum decay is highly suppressed for m S ≥ 10 −12 GeV. In order to investigate the possibility of this model to describe both DM and DE we take the best-fit values given by the GAMBIT collaboration, 64 for which the scalar field S constitutes the entire observed relic density of DM (Ω S h 2 ∼ Ω DM h 2 ). Using the Planck results Ω DM h 2 = 0.119 1 and perturbative couplings, the scalar field mass is m S = 62.27 GeV and the Higgs portal coupling is λ hS = 2.9 × 10 −4 . With this value of scalar mass and with a singlet quartic self-interaction of around |λ S | ∼ 1, for instance, the observed vacuum energy is reached for g ∼ 10 −23 . Smaller values of λ S leads to smaller values of g.
Radiative corrections

Renormalization Group Equations
Considering the renormalizable term in the Lagrangian, a negative S self-interaction coupling (λ S < 0) changes the evolution of λ S itself and the Higgs portal coupling λ hS with a RG scale µ. The beta-function of the Higgs self-interaction λ has an additional term λ 2 hS /2 at one-loop due to the singlet, 92 however due to the smallness of it, the running of the Higgs self-coupling is not affected. 64 On the other hand, the beta-functions β i ≡ (4π) 
where the RG scale µ runs from EW to Planck scale, y is the Yukawa coupling, λ is the Higgs quartic self-interaction and g 1 and g 2 are the SM couplings. The running of the singlet self-interaction λ S and the running of the Higgs portal coupling λ hS are shown in Fig. 1 . The quartic coupling λ S increases with the RG scale but remains always negative. For λ S > 0 the Higgs portal coupling λ hS increases with the RG scale, 92 but in our case λ S < 0 and λ hS decreases slightly. 
Coleman-Weinberg Potential
The tree-level potential in Eq. (1) receives radiative corrections at one-loop via the Coleman-Weinberg potential, 90, 93 becoming V = V (0) + V (1) , where V (1) has the following form for a generic scalar field χ
where "i runs over all degrees of freedom in the model, n i is the number of degrees of freedom, M 2 i (χ) = κ i χ 2 − κ i , κ i , κ i and c i are constants. Here we considered a fixed RG scale µ. The correction for the Higgs direction, χ = h, in the SM+S model is given in Ref. 32 and it is unchanged for the case λ S < 0. On the other hand, in the S direction the one-loop potential does change, due to the following contribution
where
At the false vacuum, S = 0, the one-loop correction in the S direction gives a contribution to the vacuum energy of V (1) (0) ∼ −10 6 GeV 4 , for µ ∼ 300 GeV. This result is insensitive to different RG scales and it overlaps completely the observed value of the vacuum energy (10 −47 GeV 4 ). However, the tree-level potential contains a non-renormalizable term (g M −2 P S 6 ), needed to stabilize the potential but which spoils a traditional attempt to include radiative corrections to the proposed scalar singlet DM model. Therefore, although there is a huge contribution to the vacuum energy given by radiative corrections that in principle could be canceled by extra terms, the inclusion of the dimension-six term leads to a consistent model for dark energy at the tree-level.
Metastable dark energy with a dimension-eight term
Instead of considering a negative singlet quartic coupling we assume now a stable potential at low energies, thus recovering the results in the literature for the case λ S > 0. Even in this scenario is still possible to have a false vacuum if we add a dimension-eight term to the potential showed in the last section. The potential for the singlet S after the symmetry breaking becomes
where Λ is a cutoff scale and g 6 < 0. The potential is depicted in Fig. 2 . The mass term can be neglected in the following calculations because the true vacuum is at large values of the field S, as can be seen in the figure and below. The dimension-eight term can be rewritten as
in such a way that the last term in the right-hand side causes a deviation from the Minkowski vacuum. The true vacuum is given by S t = λ S 3|g6| Λ 2 and the energy of the false vacuum is
In order to the false vacuum to be long-lived and describe the cosmic acceleration, the decay rate should be highly suppressed. The decay rate per unit of volume is given by
where S E is the Euclidean action for the singlet. Using the thin-wall approximation, the Euclidean action for a stationary bubble radius is
where is the observed vacuum energy. Using the potential (9), the Euclidean action yields
.
The action is very large even for a cutoff of 10 TeV, thus the decay is highly suppressed. Considering the gravitational effect in the computation of the decay rate, we have a new actionS E given in terms of the old one S E 95
is the bubble radius and ∆ =
is the value of the bubble radius when it is equal to the Schwarzschild radius. The gravitational correction given by (R/(2∆))
is not negligible and should be taken into account. For illustrative purposes, using conservative values λ S ∼ 1, Λ ∼ 10 TeV and g 6 ∼ 1, the actions have very large values, S E ∼ 10 191 and S E ∼ 10 69 . Larger cutoff scales lead to larger values for both actions. Therefore, the decay rate is still highly suppressed and the false vacuum is long-lived.
Conclusions
In this paper we have included a dimension-six term in the usual scalar singlet DM model. By considering a negative singlet quartic self-interaction coupling it is possible to describe the accelerated expansion of the Universe through a false vacuum using the recent GAMBIT collaboration results. The running of the singlet self-coupling and the Higgs portal coupling have been evaluated and have shown different behaviors from the ones of positive λ S . In the case of a positive quartic coupling it is possible to describe the cosmic acceleration through the addition of a dimension-eight term. In this scenario, where the potential remains bounded from below at low energies, the false vacuum plays the role of the cosmological constant since its decay is highly suppressed.
